ABSTRACT . The paper presents some results of a study based on the experiment carried · out in Delta Flume of Delft Hydraulics. The analysis of time-series of sand concentration and velocity are implemented for regular and irregular waves with different conditions on wave and grain size. From measured·concentrations and velocities the suspended transport components are calculated and some interesting information is obtained. At the same time some formulae for calculations of suspended sediment transport have been proposed and verified. A general evaluation on the total sediment transport rate over the water depth has been given on the basis of incorporating measurement, extrapolation and bedload prediction.
Introduction
Sediment transport is a very complicated natural process and so far it is not fully understood yet. Therefore every different attempt to achieve knowledge on this phenomenon in some measure is always encouraged. The current-related transport component involves th~ convective sand transport carried by the mean currents such as tide, wind and wave-driven currents in the presence of short (high-frequency) surface waves acting as stirring agents. The wave-related sand transport is herein defined as the transport of sand particles by the oscillating fluid motion due to the high-frequency waves. The current-related transport over rippled beds has been studied in considerable detail Van Rijn and Havinga, 1995) , but the wave-related transport is less well known. The wave-related transport over a flat bed has been studied in more detail based on numerous experiments in wave tunnels (see for· overview: Ribberink, 1998) .
Within this purpose the paper presents some results on the analysis of time series of concentration and 2DH velocity components under regular and irregular waves that were measured from the Delta Flume at the laboratory by the Dutch researchers of Delft Hydraulics in 1998. In this way, the different components of sediment transport are evaluated. At the same time on the basis of the analysis some remarks and methods for calculation of wave-related suspended sand transport have been proposed. By using extrapolation and bedload transport a general evaluation on the relative importance of transport components in t hree layers has been given. A new acoustical instrument, Acoustical San d Transport Meter · (A,STM) was used for measuring both the velocity and the suspended sediment concentration simultaneously at five elevations above the bed.
The tests in the Delta Flume were carried out as a part of t he European Large Installation Plan (LIP) with modern equipment. Therefore , in order to supply the detail of the experiment as well as the physical sense of measured data, their description and setting up are also presented.
Experimental design

Description of instruments
The experiments were carried out in the Delta Flume of Delft Hydraulics.This is a large-scale flume that has a total length of 233 meters, a dep th of 7 meters and a width of 5 meters. On the bed a sand layer of 0.5 m was placed over a length of about 40m (see Fig.1 ). Regular and irregular waves were g enerate~ by a piston activated wave board on one side of the flume. The .instruments for measurement were mounted in a tripod, which was placed on the sand bed at location x = 125 m. For each test the instruments were operated for about 15 m inutes t o sample over a representative wave record .
The following instruments were used in the fl.ti.me :
• The two-dimensional five fold ASTM to measure instantaneous concentration and velocity components at five different positions in the vertical direction.
• Two electromagnetic fl.ow meters (EMF) arrayed vertically and mounted to the flume wall for velocity.
• Two optical back scatter sensors (OBS) for measurement of instantaneous concentration at two positions.
• A pump sampling system (10 intake nozzles) also located along the delta flume wall (intake nozzles at about 0.3 m from the wall) .
• Ripple profiler to measure bed form : The Sand Ripple Profi ler is ~ 2 MHz scanning sonar system comprising a pencil beam transducer on a rotating head. Thus for each head position a backscatter profile can be obtained, allowing a 2D image through the water to be built up . Data is t ransferred to a PC via serial link following capture using an on board 8 bit ADC.
Besides , other instruments were also used in this experiment. During the first test series this sand bed had a D 50 of 0.33 mm, and during the second test series ·:
the Dso was 0.16 mm. The ASTM frame was positioned on this sand bed. The water depth was 4.5 m in all experiments. The scheme for the positions of the measurement instrument is illustrated in Fig. 2 .
According to the manufacturer (Delft Hydraulics) the error amount for measured velocity value is 10% and 30% for the measured concentrations. 
Experimental programme
The experimental conditions presented in Table 1 include different sand sizes, wave types, wave heights and the orientation of ASTM and they are divided into five group. The orientation of the ASTM was changed during the test program in order to see the influence of measurement positions on the results . In this case the sensors are not located in the plane of orbital motion, so that the measurement volume is least disturbed by the sensors. However, in a field situation the direction of the Waves cannot be controlled, which may lead to an unfavourable orientation of the ASTM with respect to the plane of orbital motion. The measurement levels above the bed for most tests are presented in Fig. 2 . There are some special cases (D4, D5, El, E2) for which the measurement levels were 0.175, 0.225, 0.325, 0.575 and l.175m. (3 .1) in which c(z., t), u(z, t), v(z, t) are instantaneous concentration and velocity components, respectively, the tilde sign "~" denotes a fluctuation, the subscript s denotes high frequency fluctuation and f. for low frequencies and the overbar "-" denotes time-averaged values. The u-component is aligned along the long axis of the flume, positive in the onshore direction, and the v-component is aligned across the flume.
Typical vertical distributions of time-averaged concentration, cross-shore and longshore velocities are presented in Fig. 3 for tests B2A and K2. It can be seen from these figures that the vertical distributions of time-averaged concentration show a well known behaviour, i.e. the concentration of sediment is very high near the bed and decreases monotonically towards the surface. 
Ci-ass-shore velocif!f (m/.s)
Cross -shore velucil!I {ml s) The range of time-averaged concentration at the highest elevation is from 0.01 g/l (test BIB) to 0 .09g/l (test M4) and the range at the lowest (number 5) is 0.32 g/l (test H4) -1.38 g/l (test E4). Although sometimes in the field the sedi:rnent concentration may be higher than this, especially during a storm, the ranges of concentration that were created in the Delta. flume are large enough to simulate most real cases.
The maximum cross-shore time-averaged velocities in onshore direction are 0.02 m/s at position number 3 (near the bed) for the test Kl . and -0.04 m/s for offshore at the position 2 of test H2. At the same time this value is also the maximum undertow velocity. The results of analysis of all the tests show that at the positions 1 and 2 the undertow currents always happen . . This phenomenon is due to the influence of vertical circulation in the flume with onshore fluid flux between wave crest and wave trough and offshore return of fluid in the lower part of the water column. For long shore current the distribution of velocity has the same direction at the defined time point.
The tests G and J give the best time-averaged values in comparison with the other cases in standard deviation. This is easy to understand, because in the tests G and J the sand particle with D 50 = 0.16m, wave height is 1 m and especially the ripple height is small enough (r = 0.03 m ) and the ripple length is quite long ( .X = 0. 72 m), yielding less variations in velocities and concentrations . Moreover, in some cases the duration of measurement is not long enough, such as 2 minutes for test BlB, 3 minutes for D4, 6 minutes for J3, 7 minutes for E2, H4 and 8 minutes for K3, M4. 
in which the first terms of (3 .2) are transport components relating to mean current, and the other terms relate to waves. This paper concent rates on the cross-shore processes, so the· local longshore movement was not an alysed in· more detail.
The calculations of vertical distributions of sand transport components for all the tests are illustrated in Fig. 4 . It shows that with five data sets the components of interaction between high and low frequencies are very small and can be ignored, while the components due to purely high and low frequencies are relatively large, so the omission of these components may cause a large error in the prediction computation.
At the elevations 1 (the highest above the bed) and 2 the undertow current always exists, so the time-averaged transport components corresponding to these · elevations are always offshore directed. From the above results it is easily seen that the suspended sediment transport mainly occurs in the near-bed layer with a thickness of about 0.3 to O.S-m, which is roughly equivalent to 10 to 20 t imes the ripple height. The relationship between sediment transport rates integrated over the depth
and wave height is presented in Fig. 5 .. 4. Prediction of wave related suspended sand transport (high frequency) 4 .1. Houwman's method Houwman and Ruessink (1996) found that the high-frequency suspended sediment transport plays an important role in the net transport ~nd 't,annot be neglected. In their approach the mean sediment concentration at a certain height above the bed is thought to be the time-averaged value of two sediment concentration peaks per wave cycle, one during the onshore directed wave motion and the other during the offshore directed wave motion. AccorA)ng to the velo~ity moments approach the shape of the sediment concentration peaks can be assumed to be equal to the shape of lu(t) 1 3 . If it is also assumed that each half wave cycle can be described with the linear wave theory with different amplitudes but with equal duration it follows
In equation (4.1), the left term is the time-averaged sediment concentration at height z above the bed, U 0 n and U 0 ff refer to the onshore and offshore peak , orbital velocity, T and w are the wave period -and angular frequency respectively and k is a constant.
The oscillatory suspended sediment t ransport at a certain height z ·above the bed can be related to the fourth order moment u · lu 3 1 . The wave-averaged oscillatory sediment transport rate Q(z) through a layer dz is then described by: However, by replacing the coefficient k' in Houwman's formula the result becomes much better as will be seen .below. Based on the tests that were carried out from the Delta flume, the polynomials of degree 3 by the least-squared method were derived. This method is found to be quite suitable and convenient for computations of the total and high frequency cross-shore transport rates. Therefore, for each transport rate a set of 5 polynomi9-ls of degree 3 were established at 5 given different elevations above the bed, as illustrated in Figure 2. • The polynomials _ for the total transport r~tes at 5 elevations: The results of computation based on this method for the high frequency crossshore transport rates are presented in Figure6. With the absolute error value of 10-3 this method has most tests that satisfied the given standard . At the same time from Figure 6 it is seen that the curve based on this method fits quite well with the measurement.
Modified Houwman's method
As mentioned above, this method is used to modify the Houwman's method by introducing the power n for concentration instead of a fixed power 3 and by choosing the optimum coefficient k' from many different values on the basis of comparison with the computed results for 35 tests of irregular waves. Relative and RMS (root mean square) errors are used as the standards to evaluate the errors instead of absolute error standard, because sometimes the local differences between measurement and computation are very large. So, by this way the modified Houwman 's. formula to compute the high frequency cross-shore suspended sediment transport rate at elevation z above the bed, is as follows
in which Uon is defined as the mean of peak onshore velocities by 33% of the highest values, similarly U 0 f f is from 33% of peak offshore velocities. The coefficient k'
will be determined for each value of n (n = 2, 3, 4 and 5) so that the minimum RMS error is achieved: in which An is a measure of the difference between the predictions and the measurements, N = 35 or 48 (number of tests); Qss:r:di , Qshmdi are depth-integrated high frequency cross-shore suspended sediment transport rates by calculating the ith measured data and by using the formula (4.6), respectively; the subscript j denotes the number of step that the coefficient is decreasing from a initial value of 0.8 in this report.
Finally, the best ~alues for k' with the minimum RMS error and the lowest maximum of .relative errors for 4 cases of the power n are obtained as follows
The results of computations for these values of k' . are also illustrated in Figure 6. It shows that the case of n = 2 is better, because the maximum of relative error from comparison with 48 tests is approximately 250%, e.g. the maximum absolute error is about 2.5 times the measurement, while for the other cases of n the maximums of relative errors are more than 250%. The case of n = 5 gives maximum relative error larger. than other cases. The minimums of RMS errors are not much different for 4 cases of n .
. However, these values of k' are only based on a concrete set of measurement data (35 tests of irregular waves), so they are not unique values. In order to get a high accuracy, a comparison with measurement is necessary to adjust this coefficient. In general, the range of k' from 0.14 to 0:25 are able to be used. Furthermore, this coefficient is likely to depend on parameters of bed form, fluid dynamics and the physical nature of sediment particles, so .calibration is necessary.
The obtained results show that the different values of power n have little influence on the accuracy, provided that a suitable coefficient is chosen.
Bedload transport
So far the instrument to measure instantaneous bedload transport is not available. Therefore, extrapolation is necessary for calculation of suspended sediment transport between z = 0.075 m and 0.01 m and an experimental formula based on instantaneous velocity is used to estimate the bed load transport (Van Rijn, 1998), namely
in which qb is the instantaneous transport rate during the wave cycle (m 
in which a is weighted coefficient; rf-bed shear stress; Ua-time-averaged cross-shore velocity; f c and f w-friction factors related to current and wave, respectively; uinstantaneous cross-shore velocity (m/ s); As-near-bed peak orbital excursion (m); ksc, ksw friction factors related to current and wave( m), respectively; zl-amplitude of horizontal (sinusoidal) velocity ( m / s).
In order to calculate the bedload transport for high frequency, the instantaneous velocity u is replaced by high frequency cross-shore velocity in the above formulae.
From the results it is seen that the scales of suspended sediment transports are greater than the scales of bedload transports. At the same time it also shows that the bedload transport based on instantaneous velocity is dominant to high frequency bedload transport. About the movement direction, in general, net bedload transport is almost in an offshore direction, while high frequency bedload transport almost moves to an onshore direction together with high frequency suspended sediment transport. 6 . Evaluation on relative importance of transport components in three layers · In order to have a general evaluation of total sediment transport rates over the water depth, calculations for transport components at three layers are required. The transport rate in layer 1 is obtained from measurement, layer 2 is from extrapolation and layer 3 is predicted by bedload transport and they are presented in Figure 7 for a significant wave height of lm and in Figure 8 .a for a wave height of 1.25 m. From the obtained results it can be observed that sediment transport rates increase in all three layers for coarse and fine sand when the wave height increases. This comment is a generalisation of the one in secti9n 3.2.2 for three layers. The figures show that the scales of sediment transport rates at layers 2 and 3 for high frequency are not small and cannot be ignored. The contribution of layer 2 (extrapolation) is about 20-30% of the total sediment transport rate and the contribution of layer 3 (bedload) is about 15-20%. The extrapolation does not have a very high reliability, but at least it also gives some suggestion for the measurement in the field work, by confirming that sediment transport near bed occupied a significant part of the total transport. Figures 7-8 appear to indicate that under waves, the bigger grain size is easily kept in suspension, while the ratio of bedload transport is almost unchanged according to different grain size: However, only two particle sizes are tested, so it is difficult to give a strict conclusion on the influence of particle size on the behaviour of suspended sediment and bedload transport. 
Conclusions and recommendations
From the above results~ the following conclusions can be drawn:
• The sediment transport components related to the wave and current usually have oppqsite directions. The results of the analysis show that the timeaveraged transport rates are mostly offshore directed, while t he high frequency transport rates have a trend towards an onshore direction. So which term of transport rate as well as which direction is more important should be considered carefully.
• The transport component due to pure high frequency sometimes becomes more significant in comparison with the transport term of mean current. Therefore, the omission . of this transport term in evaluating the process of sand transport may cause serious ·error.
• In all tests considered, the undertow current always exist . This phenomenon is related to onshore mass transport between the wave crest and wave trough, which is compensated by an offshore return current below the wave trough in a straight flume.
• The factors of wave height and size of particle also play an important· role in transport rate. The transport rate increases when wave height becomes larger. The role of particle size is quite clear for high frequency suspended sediment transport in layer 2 between z = 0.01 m and z = 0.075 m. In general, the transport rate in this layer increases when the partide size and wave height become smaller. In the other layers, the influence of particle size on the beh~viour of transport rate is not very clear.
• In order to get more accurate evaluation on the transport rate the number of measurement elevations close to the bed {first measurement level at about 0.02 m above bed) should be increased, so that the depth-integr ated transp~rt rate can be determined with sufficient accuracy.
• To evaluate the relative importance of sediment transport in three layers, the procedure of extrapolation may be necessary. However, extr apolation should be done at the elevations very close to measurement points, otherwise it will give a very large error. In general, the three methods of extrapolation that are mentioned in this report, can be used.
• For Houwman's and Dang's methods, the calculation of suspended sediment transport is quite simple and easy and extrapolation should be implemented directly from known values, instead of extrapolating the variables of the functions. However, Dang's method is only suitable for conditions similar to those carried out in Delta flume {present data set), otherwise it may give a larger error. It should also be noted that the least squared method needs to be reapplied to a new data set to obtain new polynomials.
• The bedload transport cannot be measured directly, but it can be ~stimated by bedload transport formula using instantaneous total velocity. It may have a dominant role in comparison with suspended sediment transport and has the trend of offshore movement, while high frequency bedload transport is the .opposite.
